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Abstract
Neutrinos stand among the least understood particles in the Standard Model. The intense electron antineutrino ﬂux
produced by the beta-decays of ﬁssion products in nuclear reactors is a very eﬀective way of learning about these
elusive particles. A brief review of the current generation reactor antineutrino experiments and their motivation is
presented, with a strong emphasis on the Daya Bay experiment. The latter’s recent results are described, as well
as its prospects for the near future. Likewise, the possibility of measuring the neutrino mass hierarchy with reactor
antineutrinos is described in the context of JUNO, a next generation experiment in China that is scheduled to begin
operating as early as 2020.
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1. Introduction
Neutrinos are unique elementary particles that can
teach us volumes about our universe. On the one hand,
they can travel cosmological distances without interact-
ing, which makes them invaluable astronomical mes-
sengers. Moreover, due to their abundance, they play an
important role in cosmological processes such as struc-
ture formation and the universe’s expansion rate. Fi-
nally, they behave in a way that is beyond our current
best theory of fundamental particles and their interac-
tions, the Standard Model, which means that they can
guide the way to new theories.
The Standard Model’s postulate that neutrinos are
massless was overthrown with the discovery that they
oscillate, i.e. that they change ﬂavor as they travel [1, 2,
3]. The experimental evidence collected to date strongly
suggests that the three known neutrino weak eigenstates
(να = νe, νμ, ντ) do not each correspond to a mass eigen-
state (ν1, ν2 and ν3), but rather mix with the latter:
|να〉 =
3∑
i=1
U∗αi |νi〉 , (1)
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where U is a 3 × 3 unitary matrix known as the
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing
matrix [4, 5]. Ignoring the Majorana phases, U is typ-
ically parameterized in terms of four parameters: three
mixing angles (θ12, θ23, θ13), and one CP-violating phase
δ. From this formalism, as well as the postulate that
neutrino mass eigenstates propagate as plane waves, it
is possible to calculate the probability that a neutrino
created under a given ﬂavor will “disappear” (oscillate)
into others. For example, if we begin with electron an-
tineutrinos ν¯e of energy E, then the disappearance prob-
ability after traveling a distance L is given by
Pν¯e→ν¯e = 1 − cos4 θ13 sin2 2θ12 sin2 Δ21
− sin2 2θ13(cos2 θ12 sin2 Δ31
+ sin2 θ12 sin2 Δ32), (2)
where Δ ji ≡ 1.267Δm2ji(eV2) L(m)E(MeV) , and Δm2ji = m2j −
m2i is the diﬀerence between the mass-squares of the j-
th and i-th mass eigentates. As is always the case, the
neutrino mass splittings Δm2ji drive the frequency of the
eﬀect, while the mixing angles determine the amplitude.
Neutrino oscillation is now a very well-established
phenomenon from the experimental point of view. The
observations of experiments looking at neutrinos pro-
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duced in the sun [6, 7, 8], in the atmosphere [9], and in
man-made sources such as accelerators [10, 11, 12] and
nuclear reactors [13, 14, 15, 16] make the conclusion
that neutrinos change ﬂavor as they travel virtually in-
escapable. Despite the great progress accomplished in
the last decades however, a number of pressing ques-
tions concerning the nature of these elusive particles
and their interactions remain. For example, the abso-
lute mass of neutrinos has not been determined, as neu-
trino oscillation is sensitive only to the diﬀerences in
the squared masses. Likewise, it is not known if the
mass of the third neutrino mass eigenstate m3 is heav-
ier or lighter than the m1 − m2 pair, i.e. if the neutrino
mass hierarchy is normal or inverted. Finally, it is not
known if neutrinos obey the CP symmetry or if there
are other generations of neutrinos beyond the standard
three, among many other questions.
Experiments studying the intense ﬂux of electron an-
tineutrinos isotropically produced by nuclear reactors
are at the forefront for answering some of these ques-
tions. The remainder of this article is separated into
two main sections, one covering the main results pro-
duced in present reactor antineutrino experiments, and
the other one describing the prospects for the near fu-
ture. It is important to note that, due to time and space
constraints, this work does not represent a comprehen-
sive experimental review, but rather a sampling driven
by the personal interests of this author.
2. Current Experiments
2.1. Motivation
Present-day reactor experiments were built with a sin-
gle purpose in mind: making a precision measurement
of the θ13 mixing angle.
There are several reasons why measuring this angle
was one of the priorities in the ﬁeld of neutrino physics.
For one, it was the last unknown mixing angle of the
PMNS matrix. Moreover, θ13 is intrinsically tied to
the exciting possibility of observing CP violation in the
leptonic sector. Not only would making this observa-
tion represent a crucial step forward in our understand-
ing of the most fundamental properties of nature, but it
could also hold the key to some of the greatest unan-
swered questions of our time. For instance, one of the
most promising explanations as to why there is more
matter than antimatter in the universe is leptogenesis, a
possible asymmetry between lepton and antilepton cre-
ation in the early universe [17]. Finally, one of the
most promising prospects for measuring the neutrino
mass hierarchy is through the study of θ13-driven os-
cillations, either with accelerator or with reactor exper-
iments. More on this will be said later.
Because of these reasons an aggressive experimen-
tal program was set in motion, including three reactor
experiments: Daya Bay [14], RENO [15], and Double
Chooz [18]. Space does not permit to cover all three,
so the remainder of this section focuses exclusively on
Daya Bay.
2.2. Daya Bay’s Experimental Setup
The Daya Bay nuclear power complex is located on
the outskirts of the city of Shenzhen, China, approxi-
mately 55 km northeast of Hong Kong. With a total of
six 2.9 GWth reactor cores, this plant ranks among the
most powerful nuclear stations in the world. The experi-
ment’s goal is to sample the electron antineutrino ﬂux in
two kinds of locations, one where the oscillation eﬀects
are very small (near), and another where the oscillation
eﬀects modulated by sin2 2θ13 are maximal (far). The
rate and spectral shape diﬀerences in measured ﬂux be-
tween the two allow for the extraction of the oscillation
parameters.
The Daya Bay experiment is a collaboration of ap-
proximately 230 scientists from China, the United
States, Taiwan, Hong Kong, the Czech Republic, Rus-
sia, and Chile. A schematic describing the layout of
the experiment can be seen in Fig. 1. As seen there,
three groups of two reactors each are spread out over
a wide area. Because of this, Daya Bay was designed
with two near sites, allowing the experiment to obtain
relative measurements of the contributions from the dif-
ferent cores in order to reduce the impact from the ﬂux
uncertainties. A total of eight modular and identically-
designed detectors are spread amongst the three exper-
imental sites, with two in each near site and four in the
far site.
Antineutrinos are detected via the inverse β-decay
(IBD) reaction: ν¯e + p → e+ + n. The detectors consist
of three nested cylindrical volumes separated by con-
centric acrylic vessels, containing mineral oil, liquid-
scintillator and Gadolinium-doped liquid-scintillator re-
spectively. The interaction of IBD positrons with the
scintillator produces light that is seen by the 192 pho-
tomultiplier tubes (PMTs) installed in each detector.
In addition, most neutrons are captured by gadolinium
nuclei in the central volume with a half-life of about
30 μs after the positron light is emitted, yielding a clear
8 MeV light signature. Requiring a coincidence of the
prompt positron light with the delayed neutron capture
light allows to drastically reduce the backgrounds.
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Figure 1: Schematic representing the layout of the Daya Bay Experi-
ment. A total of eight antineutrino detectors, represented as cylinders,
are deployed in the three experimental halls (EHs). The black dots
represent reactor cores.
Figure 2: Cross-section of all the detector systems in a near site.
As shown on Fig. 2, the detectors are submerged in
instrumented water-pools that serve a double purpose:
(i) to attenuate gamma rays from ambient radioactiv-
ity as well as neutrons from cosmic-rays, and (ii) to tag
cosmic-rays. Moreover, a retractable roof of four layers
of Resistive Plate Chambers (RPCs) covers the top of
the pools, in order to provide additional eﬃciency for
cosmic-ray tagging. This allows to further suppress the
backgrounds, most of which are of cosmic-ray origin.
2.3. Latest Results from Daya Bay
Daya Bay became the ﬁrst experiment to make a
deﬁnite observation that θ13 is non-zero in 2012 [14].
Since then, the measurement has been reﬁned and ex-
panded [19, 20]. This article presents the preliminary
results from [21], where the disappearance of electron
antineutrinos is studied in terms of its total rate deﬁcit
as well as in terms of its energy dependence. This not
only allows to determine θ13 with unprecedented pre-
cision, but also to make the world’s most precise mea-
surement of the eﬀective mass-squared diﬀerence |Δm2ee|
with a reactor experiment. It should be noted that Δm2ee
results from combining the last two terms of Eq. 2 into
an eﬀective one, so that sin2 Δee ≡ cos2 θ12 sin2 Δ31 +
sin2 θ12 sin2 Δ32. More details are available at [20].
These results use more than one million antineutrino
interactions collected by the Daya Bay detectors over
a period of 621 days.1 In addition to the improved
statistics, these results beneﬁt from reduced and bet-
ter estimated backgrounds (which amount to only ∼3%
(2%) of the total IBD samples in the far (near) sites),
as well from an improved energy calibration. More-
over, the oscillation parameters are extracted through
a method where the far spectra are directly predicted
from the near spectra, thus minimizing the dependence
on reactor antineutrino emission models. As a conse-
quence, the uncertainties in the oscillation parameters
are halved with respect to previous results [20]. The re-
sulting best estimates of the oscillation parameters in the
three-neutrino framework are sin2 2θ13 = 0.084 ± 0.005
and |Δm2ee| = (2.44+0.10−0.11) × 10−3 eV2, with χ2/NDoF =
134.7/146. Fig. 3 shows the allowed regions in the
sin2(2θ13) vs. |Δm2ee| parameter space. At the time of
writing, this is the world’s most precise measurement
of θ13. Likewise, the measurement of |Δm2ee| has a pre-
cision rivaling that of accelerator experiments [22, 23]
and is in very good agreement with them, providing
strong conﬁrmation for the three-neutrino ﬂavor frame-
work. Fig. 4 shows the far site data compared with the
no-oscillation expectation as well as with the best oscil-
lation ﬁt. The observed spectral distortion is consistent
with the oscillation hypothesis. A publication with the
details of this work is in preparation.
Daya Bay has recently released other important re-
sults. In particular, a measurement of ν¯e disappearance
1The ﬁrst 217 days of data were acquired with six detectors only,
while the other 404 days were collected with the full eight-detector
conﬁguration.
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Figure 3: Allowed regions in the sin2(2θ13) vs. |Δm2ee | parameter space
at the 68.3, 95.5 and 99.7% conﬁdence levels. The best estimate of the
oscillation parameters is given by the black dot. The adjoining pan-
els show the dependence of Δχ2 on |Δm2ee | (right) and sin2 2θ13 (top).
These results were ﬁrst presented in [21] and are still preliminary.
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Figure 4: The upper panel shows the far site data compared with the
no-oscillation expectation and with the best oscillation ﬁt, while the
bottom panel shows the corresponding ratios. The observed spectral
distortion is consistent with the oscillation hypothesis. These results
were ﬁrst presented in [21] and are still preliminary.
has been performed using an IBD sample tagged via
neutron capture on Hydrogen (nH) instead of Gadolin-
ium (nGd) [24]. Not only is the IBD nH sample distinct
from the nGd one, but the systematic uncertainties are
largely diﬀerent, allowing for a truly independent deter-
mination of θ13. The rate-only result obtained with the
ﬁrst 217 days of data is sin2 2θ13 = 0.083±0.018, which
is consistent with the nGd result.
Likewise, a search for light sterile neutrino mixing
has been performed [25]. A positive signal would con-
sist of an additional spectrum distortion with a fre-
quency Δm241 diﬀerent to the one caused by Δm
2
ee. Daya
Bay’s unique conﬁguration of multiple baselines allows
to cover a wide range of active-sterile mass-splittings,
spanning roughly three orders of magnitude. No devi-
ation from the three-ﬂavor framework is found, and as
seen on Fig. 5 the derived exclusion limites exclude a
wide region of parameter space that was largely unex-
plored.
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Figure 5: Daya Bay exclusion contours in the Δm241 and sin
2 2θ14 pa-
rameter space obtained with 217 days of data. Two complementary
methods are used to set the contours: Feldman-Cousins (red), and CLS
(black). The regions to the right side of the contours are excluded.
Bugey’s [26] 90% C.L. limit on ν¯e disappearance is also shown for
comparison purposes. Details can be found in [25].
Finally, a measurement of the reactor antineutrino
ﬂux rate and spectral shape has been performed [27].
The absolute ﬂux measurement matches the ∼6% deﬁcit
with respect to models of reactor antineutrino emission
expected from the reactor antineutrino anomaly [28,
29]. Similarly, the absolute spectrum measurement re-
veals some discrepancies with existing models. In par-
ticular, there appears to be a signiﬁcant excess of events
in the 4-6 MeV range that is also observed by other re-
actor antineutrino experiments [30, 31]. The excess is
currently under investigation, and the Daya Bay results
are expected to be published shortly.
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3. Outlook
3.1. Ongoing Experiments: Daya Bay
Even though θ13 is now measured, current reactor an-
tineutrino experiments still have much to give. In par-
ticular, Daya Bay will run for roughly another 2 years,
during which the precision on the oscillation parame-
ters is expected to reach below 3%. No experiment in
the foreseeable future is expected to be able to attain
this level of precision on sin2 2θ13. This is important be-
cause a combination of the results from reactor experi-
ments with those from accelerator experiments such as
LBNE [32] will allow to improve the reach in the search
for CP violation and to make stringent unitarity tests of
the PMNS matrix. Moreover, with four detectors at the
two near sites, Daya Bay is able to acquire data at the
impressive rate of roughly 700 events/near detector/day.
This means that existing measurements, such as the nH
oscillation analysis, the search for a sterile neutrino, and
the precision determination of reactor antineutrino ﬂux
and energy spectrum, will be signiﬁcantly improved. Fi-
nally, results are also expected in more areas, such as
muon physics, new physics, and supernovae searches,
among others.
3.2. Next Generation Experiments: JUNO
Next generation reactor antineutrino experiments are
also expected to answer some of the great unanswered
questions in neutrino physics. A new class of experi-
ments, studying the antineutrino ﬂux from nuclear reac-
tors at baselines of roughly 50 km, will set out to deter-
mine the neutrino mass hierarchy. One of those experi-
ments is the Jiangmen Underground Neutrino Observa-
tory (JUNO).
JUNO will consist of an unprecedentedly large detec-
tor placed almost equidistantly from two major power
plant complexes in the southeast of China: Taishan and
Yangjiang. The conceptual design of the detector is
shown on Fig. 6. It will consist of a large stainless-steel
tank inside of which will be a structure holding 20 kT
of liquid scintillator. Roughly 17, 000 20” PMTs will
be installed in the internal surface of the stainless-steel
tank in order to detect the light from the antineutrino
interactions. The space between the liquid scintillator
and the stainless steel will be ﬁlled with a 6 kT mineral
oil buﬀer providing additional shielding against radioac-
tivity. The stainless-steel tank will be surrounded by a
muon veto water shield allowing to tag incoming muons
and to shield the detector against ambient radioactivity
and neutrons from cosmic-rays.
Figure 6: Conceptual design of the JUNO detector, which consists
of a 20 kt liquid scintillator tank surrounded by a muon-veto water
shield.
JUNO will become the ﬁrst experiment to simultane-
ously observe the oscillation eﬀects from both the so-
lar and atmospheric mass splittings (Δm221 and Δm
2
32 re-
spectively). By studying the fast oscillation distortion
caused by the latter one, it will be able to extract the
mass hierarchy with a 3−4σ sensitivity in a period of
about 6 years. The principle behind this measurement
can be understood with the help of Fig. 7, which shows
the expected signal for a JUNO-like detector with in-
ﬁnite statistics and energy resolution. As can be seen
there, the two diﬀerent mass hierarchies introduce phase
shifts to the subdominant oscillations (driven by Δm232
and Δm231) on the antineutrino energy spectrum. The
discriminatory power provided by these shifts is maxi-
mal when the oscillation driven by Δm221 is also maxi-
mal, which is why the detector must be located roughly
50 km from the reactors. In addition to measuring the
mass hierarchy, JUNO will also be able to measure
sin2(2θ21), Δm221 and Δm
2
32 to better than 1%. Other
important goals include the study of geoneutrinos, the
search for proton decay, solar neutrinos and atmospheric
neutrinos, among others.
As could be expected, a signiﬁcant measurement
of the neutrino mass hierarchy in such an experiment
requires an excellent energy resolution and a well-
calibrated detector energy response. Attaining the tar-
get energy resolution of 3%/
√
E(MeV) presents a num-
ber of technical challenges that are currently being ad-
dressed. For instance, PMTs with higher quantum ef-
ﬁciency than those currently available are needed. A
new type of low-cost high-eﬃciency PMT is being de-
signed, using a micro-channel plate as the dynode and
a reﬂection photocathode. Likewise, work is ongoing
to increase the liquid scintillator’s light yield and/or at-
tenuation length. Finally, there are also construction is-
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Figure 7: Predicted electron antineutrino spectrum for a JUNO-like
detector with inﬁnite statistics and energy resolution, as a function of
neutrino travel distance L over energy E. The choice of mass hierar-
chy introduces small diﬀerences in the subdominant oscillation.
sues that need to be resolved. Perhaps the most signiﬁ-
cant pertains to the diﬃculties of building the inner tank
for the liquid scintillator inside the stainless steel ves-
sel. Several options are being studied, including using
an acrylic sphere, a balloon, and acrylic modules. It is
expected that a ﬁnal design will be achieved shortly, in
the timescale of a year.
JUNO already received the Chinese equivalent of
CD-1 approval in the United States. Civil construction
has begun, and data-taking is scheduled to commence
in 2020. More information about JUNO can be found
in [33]. A similar proposal called RENO-50 is also be-
ing explored in Korea [34].
4. Conclusions
Current reactor experiments have recently been suc-
cessful in measuring θ13, the last unknown mixing angle
of the PMNS matrix. The most precise estimate of this
parameter to date comes from the Daya Bay experiment,
being sin2 2θ13 = 0.084±0.005. Daya Bay has also pro-
duced a number of other important results, such as a
measurement of the |Δm2ee| mass splitting in the electron
antineutrino disappearance channel, an independent de-
termination of the oscillation parameters using neutron
capture on hydrogen, a search for sterile neutrino mix-
ing, and a high-statistics measurement of the reactor an-
tineutrino absolute ﬂux and spectrum. The outlook is
very positive, as the experiment will continue to acquire
data for another ∼2 years, during which these measure-
ments will be reﬁned and new ones will come along.
The measurement of θ13 has opened the door for tack-
ling other open questions in neutrino physics, such as
the search for leptonic CP violation and the determi-
nation of the neutrino mass hierarchy, A new class of
reactor experiments at medium baselines of ∼50 km
has emerged, led by the JUNO experiment in China.
While JUNO’s primary goal is to determine the neutrino
mass hierarchy, it will also make high-precision mea-
surements of three neutrino oscillation parameters at the
∼1% level. JUNO will also make important contribu-
tions to geoneutrinos, proton-decay, solar neutrinos and
atmospheric neutrinos, among others. Civil construc-
tion has already begun, and work is ongoing to resolve
the technical challenges that must be overcome for the
experiment to realize its full potential.
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